Listeria monocytogenes is a pathogenic intracellular microorganism whose infection induces pleiotropic biological changes associated with host cell gene expression regulation. Here we define the gene expression profiles of the human promyelocytic THP1 cell line before and after L. monocytogenes infection. Gene expression was measured on a large scale via oligonucleotide microarrays with probe sets corresponding to 6,800 human genes. We assessed and discussed the reproducibility of the hybridization signatures. In addition to oligonucleotide arrays, we also performed the large scale gene expression measurement with two high-density membranes, assaying for 588 and 18,376 human genes, respectively. This work allowed the reproducible identification of 74 up-regulated RNAs and 23 down-regulated RNAs as a consequence of L. monocytogenes infection of THP1. The reliability of these data was reinforced by performing independent infections. Some of these detected RNAs were consistent with previous results, while some newly identified RNAs encode gene products that may play key roles in L. monocytogenes infection. These findings will undoubtedly enhance the understanding of L. monocytogenes molecular physiology and may help identify new therapeutic targets.
One of the great challenges in recent years is the complete sequencing of the genomes of different species. This work, involving a wide variety of cytogenetic, genetic, and physical mapping studies, has provided a tremendously broad range of information. The next logical step of the genetic analysis (called "functional genomics") is to collect detailed information about the biological roles of known and newly identified genes. A "biological fingerprint" can be obtained by determining expression profiles of genes in a tissue or process of interest as the result of physiological or pathological states. Collecting expression profiles on a genomic scale could thus provide the link between the structure of the genome and the biological function of the genes.
Although modulation involves differential mRNA stability, post-translational modifications, regulation of transport, mechanisms, and protein degradation, etc., one of the key mechanisms in eukaryotic gene regulation takes place at the transcriptional level. Consequently, detection of even subtle gene expression modulations provides a comprehensive framework for studying events which affect cellular metabolism and regulation on a genomic scale (1) (2) (3) . Quantitative analysis of the transcriptome has become possible through "hybridization signature" methods which allow large scale measurement of gene expression (4 -9) . These technologies use a labeled "complex probe" prepared from total cell or tissue mRNA by reverse transcription and labeling. This complex probe contains thousands of different messenger RNA species, characterized by different expression levels, and is hybridized onto an array consisting of thousands of DNA targets, each representing a particular gene (10) . The targets can be bacterial colonies, PCR 1 products from cDNA clones, or sets of oligonucleotides designed to assay a gene of interest. After hybridization, the signals can be quantitatively scored, and thus measure the relative abundance of each sequenced species present in the complex probe.
Methods for large scale measurement of gene expression have provided important information on the biological roles of genes and about cellular physiology. Pietu and colleagues (7) used high density cDNA arrays to identify 48 novel gene transcripts with a muscle-restricted expression pattern, thus providing new candidates to study the physiology and pathology of human muscles. DeRisi and colleagues (11) used a cDNA microarray to analyze gene expression patterns in an experimental tumor suppression system. The same group (12) also profiled gene expression pattern characteristics of the metabolic process involved in the shift from fermentation to respiration in the budding yeast Saccharomyces cerevisiae. Iyer and colleagues (13) used DNA microarrays to study growth control and cell cycle progression in serum-treated human fibroblasts. And finally, pharmacogenomics is certainly one of the most exciting applications of gene expression studies, as microarrays were shown to enable pharmaceutical approaches for identifying new drug targets and secondary drug target effects (14) .
Numerous biological changes associated with bacterial infection make it an attractive model for studying genome-wide regulation of gene activity. Listeria monocytogenes is a pathogenic microorganism responsible for meningitis, meningo-encephalitis, septicemia abortions, and in some cases gastroenteritis, with an overall mortality rate of over 20% (15, 16) . L. monocytogenes is an intracellular Gram-positive bacteria capable of penetrating and growing in both professional phagocytes and non-phagocytic target cells. Macrophages respond to L. monocytogenes infection by transient activation of host cell signal transduction pathways, leading to modulation of gene expression.
In this work, we documented large scale gene expression measurements in the human monocytic THP1 cell line infected by L. monocytogenes. The aim of this study was 2-fold. First, we intended to identify genes which are differentially expressed following L. monocytogenes infection in the THP1 cell line in order to boost our knowledge on cross-talk between this microorganism and its host cell. Second, the accuracy of the results presented here was addressed by analyzing the reproducibility and sensitivity of data computed by different high-throughput measurement systems of hybridization signatures. Three commercially available systems were tested in parallel: oligonucleotide DNA chips from Affymetrix (2) , that allow the study of expression levels of 6,800 human genes; Atlas TM cDNA array I high-density membranes from CLONTECH containing spotted PCR products targeting 588 human genes; and high density Gene Discovery Array Human I TM cDNA colony filters from Genome Systems allowing screening of 18,376 human genes. Reproducibility of the DNA chip technology data was assessed at two different levels: at the hybridization pattern level and at gene expression measurement variation level. The results obtained after repeated measurement studies, independent preparations of complex probes, or independent infections of the THP1 cell line by L. monocytogenes are discussed. From a biological and physiological point of view, this study allowed the reproducible identification of 74 up-regulated genes and 23 down-regulated genes as a consequence of L. monocytogenes infection. The reliability of the presented data was reinforced by comparison of the hybridization signatures of two independent infections of the THP1 cell line. The expression profile of some of the identified genes was investigated by macroarrays and Northern blot, and showed a close correlation with the DNA chip results. Therefore, enriched by a critical analysis of the technologies available for transcriptome studies, this work details information on genes whose expression was modulated following L. monocytogenes infection and provides foundation to understand this infection process in order to identify new specific therapeutic targets.
EXPERIMENTAL PROCEDURES
Bacteria-L. monocytogenes (strain EGD) from ATCC were grown in log-phase cultures and added to THP-1 cells at 10:1 multiplicity of infection.
Cell Infection and Poly(A) RNA Preparation-Human promyelocytic THP-1 cells (ATCC) were maintained at 37°C in 5% CO 2 , RPMI 1640 medium supplemented with 5 mM glutamine (Life Technologies, Inc., Cergy, France) and 10% (v/v) heat inactivated fetal calf serum (Sigma Chimie, Saint-Quentin, France). Monocytes were derived from THP-1 cells by treatment with 0.3 mM 1,25-dihydroxyvitamin D 3 (Sigma) and 0.3 mM retinoic acid (Sigma) in RPMI medium supplemented with 0.5% fetal calf serum for 48 h (increases of CD14 and CD11b on treated THP-1 cells were confirmed by fluorescence-activated cell sorter analysis). THP-1 derived monocytes were then infected with L. monocytogenes at 10:1 multiplicity of infection for 2 h and lysed in guanidine isothiocyanate lysis buffer. Total RNA was extracted by CsCl 2 ultracentrifugation (17 cpm/g of mRNA. RNA was removed by denaturation with 0.1 M NaOH, 1 mM EDTA at 68°C for 20 min, followed by a neutralization step with 0.5 M NaH 2 PO 4 (pH 7) at 68°C for 10 min. The Atlas TM cDNA arrays were prehybridized with the ExpressHyb hybridization buffer (CLON-TECH) supplemented with 0.1 mg/ml of single-stranded DNA for 1 h at 68°C; hybridization was then performed with 4 10 6 cpm of cDNA complex probe in 5 ml of hybridization buffer at 68°C for 16 h. The membranes were washed twice with 2ϫ SSC and 1% SDS at 68°C for 30 min, then twice again with 0.1ϫ SCC and 0.5% SDS at 68°C for 30 min. The Atlas TM arrays were exposed to x-ray film at Ϫ20°C for varying lengths of time and intensity of each spot was analyzed as described below.
Complex 6 cpm/g of mRNA. RNA was removed by treatment with 0.25 N NaOH at 37°C for 10 min followed by neutralization with 0.16 M Tris-HCl and 0.12 N HCl. The complex probe was purified onto a new Sephadex S200 column before hybridization. 10 7 cpm of heat-denatured purified complex probes were then incubated with prehybridized filters in 10 ml of hybridization buffer (6ϫ SSC, 5ϫ Denhart, 2% SDS, 50% formamide, 100 g of single-stranded DNA) (18) at 42°C for 16 h. After hybridization, filters were washed twice with 2ϫ SSC and 1% SDS for 30 min at 68°C, then washed twice more with 0.6ϫ SSC and 1% SDS at 68°C for 30 min. Autoradiography and signal analysis were carried out as described below.
Complex Probe Preparation and Hybridization to Affymetrix TM Oligonucleotide Chips-Oligonucleotide arrays Hu6800 Set TM (subA, subB, subC, and subD chips) and Hu6800 Array TM (Affymetrix, Santa Clara, CA) are 1.28 ϫ 1.28-cm oligonucleotide microarrays which allow the characterization of genome-wide expression levels of approximately 6,800 human genes. The 25-mer oligonucleotides targeting the 6,800 human genes were distributed between four chips in the Hu6800 Set TM version, whereas they were assembled over a single chip in the Hu6800 Array TM version. Each human gene was screened by 20 complementary oligonucleotides on average. To increase the detection specificity, each complementary oligonucleotide (perfect match) was synthesized by the manufacturers with a closely related mismatch partner in a physically adjacent position (2) . Complex probe was prepared by converting 4 g of mRNA into double-stranded cDNA using a cDNA synthesis kit (Life technologies) with an oligo(dT) primer incorporating a T7 RNA polymerase promoter site. After second-strand synthesis, labeled RNAs were made directly from the cDNA pool in an in vitro transcription (IVT) reaction by incorporating labeled ribonucleotides (Ambion, Austin, TX). Biotin-labeled UTP and CTP (1:3 labeled to unlabeled) plus unlabeled ATP and GTP were used for the reaction with 2500 units of T7 RNA polymerase. Following the reaction, unincorporated nucleotide triphosphates were removed using a Sephadex S200 column (Amersham Pharmacia Biotech). The total molar concentration of labeled RNAs was determined from the absorbence at 260 nm. The typical yield was 60 -80 g of labeled RNA from 4 g of mRNA. Labeled RNA was then fragmented randomly to an average length of 50 -200 bases by heating at 94°C in 40 mM Tris acetate (pH 8.1), 100 mM KOAc, and 30 mM MgOAc. The sample to be hybridized onto one chip (200 l) contained 10 g of labeled RNA, 0.5 mg/ml bovine serum albumin (Sigma), 0.1 mg/ml unlabeled degraded herring sperm DNA (Sigma), as well as internal standard RNAs. These latter were bacterial and phage-labeled RNAs prepared as above from clones containing the T7 RNA polymerase promoter site, and introduced into each sample at a known amount. The hybridization solutions were 1 M NaCl, 10 mM Tris (pH 7.6), 0.005% Triton X-100 for the Hu6800 Set TM chips, and 100 mM MES, 1 M NaCl, 20 mM EDTA, and 0.01% Tween 20 for the Hu6800 Array TM chip, as recommended by the manufacturers. Prior to hybridization, labeled RNA samples (200 l) were heated to 99°C in the hybridization solution for 5 min, then allowed to equilibrate at 40°C (Hu6800 Set TM ) or at 45°C (Hu6800 Array TM ) for 5 min. Samples to be hybridized were then injected into the chip and placed in a rotisserie overnight at 40°C (Hu6800 Set TM ) or 45°C (Hu6800 Array TM ). Following hybridization, the Hu6800 Set TM arrays were washed with 6ϫ SSPE-T (0.9 M NaCl, 60 mM NaH 2 PO 4 , 0.005% Triton X-100) at 50°C for 1 h, then with 0.5ϫ SSPE-T at 50°C for 15 min, and finally stained with a streptavidinphycoerythrin conjugate (Molecular Probes, Eugene, OR) (10 g/ml in 6ϫ SSPE-T buffer, 10 min at 40°C). After several washes (6ϫ SSPE-T), the array was read using a scanning confocal microscope (Hewlett Packard), where the emission of fluorescence was detected using a 560-nm long-pass filter. Following hybridization, the Hu6800 Array TM chips were washed with 6ϫ SSPE, 0.01% Tween 20, 0.005% Antifoam (Sigma) at 25°C, and then with 100 mM MES, 0.1 M NaCl, and 0.01% Tween 20 at 50°C. Staining was performed for 10 min at 25°C with a 10 g/ml streptavidin-phycoerythrin solution in a 100 mM MES, 1 M NaCl, 0.05% Tween 20, and 0.005% antifoam buffer. A subsequent post-stained step using an anti-streptavidin goat biotinylated antibody (Vector Laboratories, Burlingame, CA) at a 3 g/ml concentration, in the presence of 0.1 mg/ml normal goat IgG (Sigma) was performed at 25°C for 10 min. The probe array was then restained as described above with the streptavidin-phycoerythrin solution before scanning. This antibody staining used with the Hu6800 Array TM chips is necessary to amplify the hybridization signals of the size-reduced hybridization features of these arrays (24 ϫ 24 m compared with 50 ϫ 50 m for the Hu6800 Set TM chips). Data analyses were performed using the Genechip Software TM package. (20) . MIP1␣, MIP1␤, TNF␣, and HHCPA probes were prepared from purified radiolabeled PCR product obtained using primers specific to MIP1␣ (sense, GTCA-TCTTCCTAACCAAGCG; antisense, TGTGGCTGTTTGGCAACAAC), TNF␣ (sense, ACAAGCCTGTAGCCCATGTT; antisense, AAAGTAGA-CCTGCCCAGACT), MCP1 (sense, TGGAGCATGAAAGTCTCTGC; antisense, TGGAATCCTGAACCCACTTC), and HHCPA (sense, AATG-GCCTCCTGGCGTAAGCT; antisense, CAGGGAAAGCTCTCTCCATT-G).
RESULTS
Oligonucleotide DNA Chip Hybridization Signature of a THP1 Complex Probe-Gene expression measurements using Affymetrix TM oligonucleotide arrays were performed as described under "Experimental Procedures," with complex probes produced by an IVT. This approach enables amplification of the complex poly(A) population (typically 15-fold amplification), and was found not to introduce significant measurement bias (2) . The presence or absence of RNAs in the complex probe was deduced from the hybridization patterns, and the abundance levels were determined from a quantitative assessment of hybridization intensities. Total RNA was isolated from THP1 cells and used to prepare labeled complex probes as described under "Experimental Procedures." After the hybridization reaction and analysis of the intensity signals of the 6,800 genes assayed on the arrays, an average of 2,366 were scored as unambiguously present.
In 10 g of total RNA and a volume of 200 l, a frequency of 1:300,000 corresponds to a concentration of 0.5 pM and 0.1 fmol (approximately 6.10 7 molecules or about 30 pg) of specific RNA (2). The intensity signals of the genes detected as present within the THP1 complex probe were compared with the intensity values of the internal standards RNAs spiked into each sample at a known concentration (1.5, 5, 25, and 100 pM) in order to estimate the distribution of RNA amounts in the complex probe. Approximately 27% of all RNAs were present at a concentration below 1:100,000, 48% between 1:100,000 and 1:10,000, 20% of all RNAs were detected between 1:10,000 and 1:1,000, and only a few RNAs (5%) were present at above 1:1,000 concentration. These results were in agreement with typical distribution patterns of mRNA populations in mammalian cells.
To determine the reproducibility of the measurements, we hybridized the same THP1 complex probe to two different sets of arrays (Fig. 1A) . Repeated hybridizations were possible because only a small fraction (estimated as below 1% (21)) of the labeled RNAs remained bound to the array following each hybridization reaction. The intensity distribution patterns demonstrated a very close correlation between the two experiments (r ϭ 0.99), whereas a higher distribution discrepancy was observed for genes with a low intensity value. These nonreproducible values were mostly located below an intensity level of 60 (corresponding to 5-fold the noise value calculated by the Genechip TM software package). When limiting the analysis to signals 5-fold above the noise value, only 1% of all the RNAs showed a 2-3-fold difference between repeat measurements, and only 0.4% showed a difference above 3-fold. To assess the variation due to the source rather than the hybridization and reading steps, we then sought to determine the influence of independent preparations, particularly the amplification step introduced by the IVT reaction within each complex probe. To investigate this, we hybridized samples independently prepared from the same mRNA preparation. The intensity distribution patterns (Fig. 1B) showed a correlation of r ϭ 0.96 between the two experiments, and as in Fig. 1A , the best correlation was obtained for genes whose intensity value was above 60 (4-fold the noise value in these experiments). For intensities above 60, 5.8% of the total RNAs showed an intensity difference of 2-3-fold, and 0.7% showed a difference of at least 3-fold. Taken together, these data suggested that independent handlings and IVT reactions introduced slight variation in the measured signals, mostly observed at a 2-3-fold variation level.
Study of Gene Expression Variations by DNA Chips After Infection of the THP1 Cell Line with L. monocytogenes-We
next used the oligonucleotide microarrays to monitor mRNA levels in a human pro-myelocytic cell line after infection by the pathogenic microorganism L. monocytogenes. Cells from the human THP1 cell line were treated with 1,25-dihydroxyvitamin D 3 and retinoic acid to induce cellular differentiation toward a macrophage-like state prior to bacterial infection. Total RNA was isolated 2 h after infection and used to prepare the complex probes as described above. Non-infected THP1 cells were used as control. Hybridization signatures obtained with both samples were analyzed and compared after normalization by the Genechip TM software package, giving rise to different parameters for each targeted human gene: the intensity signal, the call (expression level increased or decreased compared with the baseline control), and the quantification of expression variations between the two samples (called fold change or FC). As expected, levels of the internal standard RNAs and housekeeping genes (glyceraldehyde-3-phosphate dehydrogenase and ␤-actin) did not change significantly after normalization (data not shown). By contrast, the bacterial infection event induced a marked physiological change in the host cell gene expression. One hundred and sixty-six genes and 248 genes were found to be up-regulated and down-regulated, respectively. Fig. 2A illustrates the correlation between the hybridization signatures of the control and the L. monocytogenes-infected complex probes (r ϭ 0.77). The up-regulation or down-regulation of gene expression is clearly illustrated by these points located outside the 3-fold lines. The qualitative distribution of the FC obtained in independent experiments is illustrated in Fig. 2B . Interestingly, most (80%) of the down-regulated genes after L. monocytogenes infection displayed a low FC (between 1.8 and 3). On the contrary, the FC distribution pattern of up-regulated genes was wider, and only 27% of the FC were between 1.8-and 3-fold induction.
To assess the reliability of the genes whose expression was found to be increased or decreased in L. monocytogenes-infected THP1 cells, we sought to determine the reproducibility of the observed expression differences. FC reproducibility was first investigated in repeated experiments using the same probe, then in experiments using independently prepared complex probes, and finally the closest comparison was made with complex probes issued from two independent bacterial infections of the THP1 cell line. Based on Fig. 1 , we only considered in the analysis the genes displaying an intensity signal above 60 (4 -5-fold the noise signal). Moreover, further selection was tested by considering FC Ͼ1.7 (reasons for this choice will be detailed under "Discussion"). The results are presented in Table I. When we hybridized the same two complex probes to different sets of arrays, 85% of the genes found to be increased were reproduced in both experiments. With independently prepared complex probes, the reproducibility dropped slightly to 68.5% (probably due to variations introduced by the IVT reaction). And finally, when complex probes produced from two independent infections of the THP1 cell line were tested, 57% of the up-regulated genes were still reproduced. This reflected additional biological variations in the assay. Considering the down-regulated genes, 52.5% of them were reproduced between independent hybridizations. This value dropped to 33% with independent preparations of complex probes, and to 21% when independent bacterial infections were tested. ters. To compare the detection sensitivity of these three systems we only considered the common genes detectable by the three platforms and determined the number of genes that gave a positive signal after hybridization. As described in Table II , among the 350 genes detectable by both the Affymetrix microarrays and the CLONTECH macroarrays, genes giving a positive signal were 139 (40%) after hybridization on the oligonucleotide chips and only 42 (12%) after hybridization on the CLONTECH macroarrays. Similar analysis shows that among the 1066 genes commonly assayed by the Affymetrix microarrays and Genome Systems macroarrays, 459 (43%) were detected after hybridization on oligonucleotide chips, and 76 (7%) were detected by the Genome Systems macroarrays. Taken together, these data indicated that after hybridization of complex probes issued from the same cell pellet, the oligonucleotide chip system detected 3-6-fold more genes and therefore was more sensitive than both CLONTECH and Genome Systems macroarrays.
Comparison of the Detection Sensitivity of Three Highthroughput Measurement Methods-We

Identification and Classification of Genes Modulated by L. monocytogenes in the Infected THP1
Cell Line-The identification of the genes whose expression was modulated by Listeria infection was based on the reproducibility of variations observed in at least three experiments (two of them were two independent infections of THP1 cells). We identified 74 upregulated and 23 down-regulated genes. These genes are presented in Table III where the gene expression variation is given by the average FC obtained in three experiments. Ten genes whose expression was found to be increased belonged to the list of genes also assayed by the CLONTECH or Genome Systems macroarrays. All of these 10 genes were confirmed by the chip platform and the macroarray platform. The FC identified by both technologies are compared in Fig. 3 and showed a general close correlation. We then examined the agreement of the oligonucleotide technology with Northern blot assays. Indeed, taking four differentially expressed representative genes, i.e. TNF␣, MIP1␣, and MIP1␤ (up-regulated), and HHCPA (repressed), the Northern blot analysis showed a close correlation between the fold change data obtained in the nucleotide microarray (Table III) and the intensity variation in the Northern blot measurements (Fig. 4A) . Fig. 4 , B and C, illustrates the signals obtained for these four genes in the oligonucleotide chips and CLONTECH macroarrays, respectively.
Further validation of the results was highlighted by reproducing already known L. monocytogenes infection-modulated genes. Among the 97 listed genes in Table III , at least 10 genes have been previously described as L. monocytogenes infectioninduced genes. For example, IL-1␤, TNF␣, MIP1␣, MIP1␤, MCP1, IL-8, ICAM-1, MKP-1 up-regulation and TNFR-I inhibition have already been shown to be induced by L. monocytogenes infection (22, 23) . The other 87 remaining genes are newly described L. monocytogenes-regulated genes. Based on their known function or predicted structure, genes may be clustered from a functional point of view (Table III) . As expected, the most modulated genes encoded proteins involved in the inflammation process (pro-IL-1, TNF␣, and Cox-2), chemotaxis and activation of effector cell process (IL-8, MIP1␤ , GRO␤, and MCP1). Furthermore, we highlighted other unexpected functionally related gene families that encode proteins involved in: 1) migration and remodeling the clot and extracellular matrix (uPA, uPAR, HTF, CTGF, Factor VIII, PAI-1, ryudocan, and ninjurin); 2) transcription (IEX-1, EGR-2, HIF-1, ATF3, and NF-B); 3) transduction (PAC-1, MKP1, PDE4B, MAD-3, and gem); 4) cell cycle and proliferation (GOS9, GOS2, BTG1, BTG2, ANA, and mda-6); 5) apoptosis (magnanese superoxide dismutase, TNF␣-IP, A1 protein, pim1, MCL-1, and clarp); 6) cell metabolism and structure (␤-galactosyltransferase, GlcNAc-TI, actin-bundling protein, tubulin, and tunp). A few other modulated genes had not been described at all and their function has to be determined (10 genes). The physiological implications of these regulations following L. monocytogenes infection should now be investigated in order to understand the biological events underlying the infected cell fate and L. monocytogenes pathogenesis.
DISCUSSION
As a step toward understanding the complex biological framework resulting from parasitic infection, we analyzed gene expression patterns and searched for differences between normal and infected cells. We obtained a large scale measurement of gene expression of the human monocytic THP1 cell line infected by L. monocytogenes using the DNA chip technology.
In order to validate the gene expression modulations observed using DNA chip technology, we have undertaken an extensive analysis of different hybridization parameters. Addressing the reproducibility of hybridization signals obtained via oligonucleotide DNA chips, we have observed a close correlation between repeated measurements using either the same complex probe sample and two different sets of arrays, or independently prepared samples from the same THP1 pellet. In large scale measurement of gene expression, the sensitivity of mRNA detection is crucial because there are few copies of most mRNAs per cell. The general signal distribution pattern obtained with DNA chip technology was in agreement with typical mRNA population distribution patterns, as most signals were skewed toward low intensity values. We have also compared the relative signals obtained by DNA chip technology and two macroarray technologies, and clearly demonstrated a higher detection sensitivity of the Affymetrix technology.
L. monocytogenes infection of the THP1 cell line induced substantial cellular trauma so that many genes were up-or down-regulated. To select the most likely L. monocytogenesinfection regulated gene candidates, we empirically tested different selection criteria, and assessed the reproducibility of expression variations using oligonucleotide technology. FC was the first obvious criterion to be tested. Usually, in standard large scale measurement studies, FC showing above 2-, 3-, and even 4-fold variation have been considered significant based on the assumption that low values are more difficult to reproduce (21) . However, because we observed that FC as low as 1.8 is reproduced by Northern blotting experiments (data not shown), we decided to conduct our analysis with a FC value of at least 1.8. This selection criterion, while slightly lower than the FC usually selected in other studies, gave robust results because we introduced an additional parameter which was that only the data reproduced in at least three independent experiments were taken into account. In the overall analysis, the intensity signal has to be considered as well. We found (Fig. 1, A and B) that intensity values of less than four to five times the noise signal (60 on average in these experiments) were of poor reliability and should be discarded. Using these different criteria, we investigated reproducibility of gene expression variability in simple hybridization reproducibility experiments, in sampleto-sample variation experiments, and in infection-to-infection variation experiments. The variation observed in the results could reflect the use of different physical chips, the independently prepared samples, and the introduction of experimental variation in the analysis. As expected, the reproducibility level decreased with each addition of a new source of variation. Moreover, we also observed lower reproducibility for downregulated genes compared with up-regulated genes, which could be explained in two different ways. First, 80% of the genes found to be decreased (whereas only 27% of the genes that were increased) displayed a low FC (below 3-fold) (Fig.   2B ). Therefore, the poor FC reproducibility obtained with the down-regulated genes could be mainly due to the difficulty of reproducing low gene expression modulation. Second, from a biological point of view, the mRNA level decreases as a result of complex events (such as repression of the basal transcriptional machinery, and mRNA turnover), and might be more difficult to highlight than an increase in mRNA level due to the induction of transcription, which is a positive regulatory event.
Another important issue of large scale measurement studies is the agreement between the results of different available technologies and data reliability. All the genes observed as being modulated using the DNA chip technology that have also been tested in other technologies (macroarray platforms or Northern blot) were confirmed (Figs. 3 and 4) . Taken together, our data pointed out the reliability as well as the high sensitivity of the DNA chip technology.
The development of a parasitic infection is the result of a series of molecular changes occurring in the cell. To avoid the antibody response, the complement and effector cells, each intracellular pathogen species has developed different strategies to exploit host cell functions for infection and growth (24). In response to L. monocytogenes, we observed completely different reprogramming of THP1 cell functions for growth in the phagocytic host cell regulatory pathways. Functional clustering of the identified genes provides new insight into the mechanism by which L. monocytogenes exploits mammalian THP1 host cells, as many L. monocytogenes-regulated genes do not have defined functions in the infection process, and should help to clarify unknown aspects of infectious mechanisms.
We observed two response strategies in L. monocytogenesinfected host cells. First, the host cell developed an immune response to hinder the parasitic development, and then the bacterial pathogen elicited metabolic processes to counteract host cell response and grow. The host cell defense against the pathogen included cytokines, chemokines, and oxidative burst effectors. Among the highly modulated genes following L. monocytogenes infection, we found (as expected) genes involved in the immunological responses of the host cell. In L. monocytogenes-infected THP1 host cells, we observed dramatic up-regulation of cytokines: IL-1 (FC: ϩ122), TNF␣ (FC: ϩ34.5), both described as particularly induced upon Grampositive bacterial infection; of CC chemokines: MIP1␣ (FC: ϩ14.9), MIP1␤ (FC: ϩ58.1), MIP3␣ (FC: ϩ73.9), MCP1 (FC: ϩ4.1); and CXC chemokines: IL-8 (FC: ϩ50.6), GRO␤ (FC: ϩ80.5), GRO␣ (FC: ϩ9.9). Chemokines have been largely studied for their chemoattraction activity. Besides chemotaxis, other functions have been reported such as resistance to the human immunodeficiency virus, T cell costimulatory activities, and enhancement of NK-mediated cytolysis. It has also been shown that the CC chemokines, RANTES, MIP1␣, and MIP1␤ activate human macrophages to exert cytotoxicity against Trypanosoma cruzi, an intracellular pathogen, via nitric oxide (25) . In response to L. monocytogenes infection, the THP1 host cell induced chemokines which, besides their chemotaxis activity (recruitment of effector cells such as neutrophiles or NK cells), will activate listeriocidal macrophage activity.
A different way of boosting listeriocidal activity was through the induction of several genes encoding cell surface proteins such as ICAM-1 (FC: ϩ 23.9), HB15 (FC: ϩ 7.6), P3.58 (FC: ϩ4.4), the 4 -1BB ligand (FC: ϩ3.9), and CD27 ligand (FC: ϩ3.1). All are involved in the attachment and immune effector cell mobilization. The 4.1BB receptor and CD27 receptor are T cell surface receptors which belong to the TNF receptor superfamily; stimulation of these receptors transmits a distinct and potent costimulatory signal leading to the activation and differentiation of CD4ϩ and CD8ϩ T cells, and to the amplification of the cytotoxic T cell response in vivo (26) .
Besides the host cellular response, for its survival L. monocytogenes has developed an adaptive strategy of cellular defense evasion: the bacteria counteracts the antibacterial host cell defense, while it exploited the natural cellular physiology in favor of its intracellular life cycle and virulence. In response to the dramatic increase in chemokine gene transcription, the bacteria induced strong transcription repression of genes encoding chemokine receptors, likely as a way to limit the host cell response: CCR2a (FC: Ϫ19.4), CCR1 receptor (FC: Ϫ9.2), and TNF receptor (FC: Ϫ7.7). Another characteristic way for a pathogen to escape to the immune system is through downregulation of the major histocompatibility class I or II proteins in order to interfere with the antigen presentation. L. monocytogenes infection has already been shown to induce a decrease in class I and class II myosin heavy chain gene transcription in infected PD388D1, a murine macrophage-like cell (22) . In 
